Enzymatic modification of pulp is receiving increasing interest for energy reduction at the refining step of the paper-making process. In this study, the production of a multi-fiber modifying enzyme from Mamillisphaeria sp. BCC8893 was optimized in submerged fermentation using a response-surface methodology. Maximal production was obtained in a complex medium comprising wheat bran, soybean, and rice bran supplemented with yeast extract at pH 6.0 and a harvest time of 7 d, resulting in 9.2 IU/mL of carboxymethyl cellulase (CMCase), 14.9 IU/mL of filter paper activity (FPase), and 242.7 IU/mL of xylanase. Treatment of old corrugated container pulp at 0.2-0.3 IU of CMCase/g of pulp led to reductions in refining energy of 8.5-14.8%. The major physical properties were retained, including tensile and compression strength. Proteomic analysis showed that the enzyme was a complex composite of endoglucanases, cellobiohydrolases, beta-1,4-xylanases, and beta-glucanases belonging to various glycosyl hydrolase families, suggestive of cooperative enzyme action in fiber modification, providing the basis for refining efficiency.
Refining is a paper-making process in which cellulosic fibers are mechanically treated in watery media, resulting in morphological and structural changes to pulp fibers. This physical treatment causes changes in fiber physico-chemical properties, including increased surface fibrillation, improved binding capacity at the drainage stage, and modified pulp physical structures for further processing to paper of desired quality. 1, 2) The refining step is generally highly energy intensive, accounting for approximately 15-18% of the total energy consumption in pulp processing. Improvement of energy efficiency in refining is thus of vital interest for cost reduction in the paper industry.
In recent years, there has been increasing interest in enzymatic pulp fiber modification to reduce energy consumption at the refining step. Cellulases and hemicellulases are studied for their application in modifying the interfacial properties of fibers, leading to increases in pulp's affinity for water which in turn improves the technical properties of the resulting pulp, including increased drainability and refinability. 1, 2) These physicochemical changes in fiber properties lead to reductions in refining time to achieve desirable levels of pulp refining and thus result in substantial energy savings. Enzymatic treatment also causes alteration in the mechanical properties of pulps due to changes in the internal and external fibrillation of fibers, partial solubilization of fines, fiber perforation, and loss of small fibrils from the fiber surface. [2] [3] [4] Crude and purified wild-type and recombinant cellulolytic and xylanolytic enzymes from various bacterial and fungal genera e.g., Bacillus, Paenibacillus, Aspergillus, Trichoderma, and Chrysosporium, [5] [6] [7] [8] [9] have been studied for their potential to reduce refining energy and improve the physicomechanical properties of pulps from different sources, including hardwood, softwood, unbleached kraft pulps, and recycled fibers from corrugated boards. The increasing interest in environmental and energy conservation in the pulping industry thus warrants a search for potent enzymes to be used in refining and investigation of their complex mechanistic actions in pulp fiber modification.
Although several studies of application of fibermodifying enzymes in refining have been reported, systematic optimization of production conditions and detailed proteomic characterization of crude complex refining enzyme remain limited. In this study, enzyme production from an unexplored ascomycote, Mamillisphaeria sp., capable of high production of key enzyme activities in pulp fiber modification was optimized in submerged fermentation on agricultural residues using an experimental design approach. A crude enzyme comprising multiple fiber-modifying activities, including endo/exo-glucanases and xylanase, was used to refine recycled pulp under simulated industrial conditions, focusing on its potential to reduce the energy expended in refining, together with an evaluation of the pulp's physical properties after enzymatic treatment. Composite enzyme components in the complex mixture were then characterized by proteomic analysis, which revealed potential cooperative enzymatic action in pulp modification. This study revealed some of the characteristics of the complex multi-fiber modifying enzyme used in refining and indicates its potential for local on-site enzyme production for the development of an environmentally and economically advantageous refining process in the pulp industry.
Materials and Methods
Materials and microorganism. Cleaned recycled old corrugated container (OCC) pulp was obtained from a paper mill in Thailand. Agro-industrial substrates for fermentation (wheat bran, rice bran, and soybeans) were obtained from a local market. Mamillisphaeria sp. BCC8893 was previously isolated from a wood sample in Thailand and collected at the BIOTEC Culture Collection (www.biotec.or.th/bcc). The fungal taxonomy was identified based on the internal transcribed spacer sequence. The fungus was maintained on potato dextrose agar (PDA; Difco, Boston, MA) at room temperature.
Optimization of fermentation conditions. Mamillispharia sp. BCC8893 inoculum was prepared by transferring four finely chopped PDA agar blocks (1 Â 1 cm 2 ) covered with a profuse mycelial mat to 50 mL of potato dextrose broth (PDB; Difco, Boston, MA) with an initial pH of 5.5 in a 250-mL conical flasks. The submerged culture was incubated for 5 d at 30 C with shaking at 200 rpm under aerobic conditions. The seed culture was further subcultivated at 10% v/v in production media for optimization study. At the first stage, enzyme production was examined in basic wheat bran-soybean (WS) medium (40 g/L of wheat bran and 10 g/L of soybean meal) and modified SP medium (10 g/L of soybean, 10 g/L of rice bran, 2 g/L of yeast extract, and 2 g/L of peptone, pH 6.0) supplemented with 40 g/L of agroindustrial residues, viz., wheat bran, rice bran, and cassava pulp, for cellulase and xylanase production. The cultures were incubated at 30 C with rotary shaking at 200 rpm for 7 d. Optimization of enzyme production was done in 250-mL shake flasks by two steps of response surface methodology (RSM). A fractional factorial design (FFD) was used to screen the influential parameters in enzyme production, including five medium components (wheat bran, soybean, rice bran, yeast extract, and peptone) and two operational factors (pH and time). The minimal FFD run was performed based on 15 trial experiments. Ten additional controls were included below and beyond the tested range. Important factors significantly affecting enzyme production were then selected for subsequent optimization study using a central composite design (CCD), which consisted of 20 experimental runs with six replicates at the center points and six axial points (). The independent variables were wheat bran (A), soybean (B), and time (C). The response variables were CMCase activity (Y 1 ) and xylanase activity (Y 2 ). The actual values and the corresponding values of the three independent variables are shown in Table 1 . Experimental data were analyzed by RSM Design Expert 7.0 (Stat-Ease, Minneapolis, MN) and fitted according to eq. (1) as a second-order polynomial equation involving main effects and interaction effects for each variable. Analysis of variance (ANOVA) and surface plots were generated using RSM Design Expert 7.0.
where
Enzyme production in bioreactor and downstream processing. The conditions obtained from laboratory-scale optimization were used for production scale cultivation in a 10-L bioreactor (B.E. Marubishi, Pathumthani, Thailand) containing 8 L of optimized medium. The production medium contained 70 g/L of wheat bran, 30 g/L of soybean, 10 g/L of rice bran, and 1.0 of g/L yeast extract, at an initial pH of 6.0. Fermentation was done at 30 C, at an aeration rate of 0.3-0.5, and 200 rpm agitation rate for 6 d. The crude enzyme (culture filtrate) was obtained by filtration through a 0.5-mm diameter mesh, clarified by centrifugation at 7;500 Â g for 15 min, and filtered through a 0.2-mm nitrocellulose membrane (Sartorius, Goettingen, Germany). It was concentrated by ultrafiltration on a Minimate Tangential Flow Filtration System using a Minimate TFF capsule with a 10-kDa MWCO membrane (Pall, Easthills, NY).
Enzyme activity analysis. Cellulase and xylanase activities were analyzed based on the amounts of liberated reducing sugars by the 3,5-dinitrosalisylic acid (DNS) method.
10) The 200-mL reactions contained appropriate dilutions of the crude enzyme in 50 mM sodium acetate buffer pH 5.5 and the corresponding substrate: 10 g/L of carboxymethyl cellulose for carboxymethyl cellulase (CMCase) activity, representing endo-glucanase; 50 mg of Whatman number 1 filter paper for filter paper (FPase) activity, representing total cellulase (endo-and exo-glucanases); and 10 g/L of birchwood xylan for xylanase activity. The reactions were incubated at 50 C for 10 min, and the amount of reducing sugars were determined by absorbance measurements at 540 nm based on standard curves prepared using corresponding sugars. One unit (IU) was defined as the amounts of enzyme liberating 1 mmole of reducing sugar per min under the assay conditions. Experiments were done in duplicate, and the standard deviation was less than 5%.
Proteomic analysis. Proteins in the crude enzyme preparation were separated by SDS-PAGE (MiniProtean II, BioRad, Hercules, CA) and analyzed by LC/MS/MS following Wongwilaiwalin et al.
11) Briefly, the crude enzyme proteins were separated by SDS-PAGE. The polypeptides were separated into fractions by cutting the sample lane into five pieces according to the apparent molecular weights of the polypeptides. The polypeptides were then digested with trypsin for LC/MS/MS analysis (Ettan Spot Handling Workstation User Manual 18-1153-55 Edition AC, GE Healthcare Biosciences, Uppsala, Sweden). The tryptic peptides were resuspended with 0.1% formic acid and analyzed on a Finnigan LTQ Linear Ion Trap Mass Spectrometer (Thermo Electron, San Jose, CA). All MS/MS spectra were searched using BioworkÔ 3.3 software (Sequest algorithm) against the NCBI-nr database.
Pulp treatment for refining. The pulp treatment reactions contained 40 g of OCC pulp at 5% consistency with the crude enzyme containing 0.2 or 0.3 IU of cellulase, measured as CMCase per g of oven-dried pulp in polyethylene bags. The reactions were incubated at 50 C for 60 min. The pH of the pulp samples was 7:0 AE 0:2 and the samples were used in the reactions without pH adjustment to simulate the conditions used in the industrial process. The treated pulp was filtered through a Buchner funnel and washed with tap water. Control pulps were treated under similar conditions with no enzyme.
Pulp property analysis. All pulp samples were refined in a PFI mill according to ISO 5264/2 12) for 1,500 and 4,000 PFI revolutions with a pulp consistency of 10%. The Freeness method was used to assess pulp drainability, which was determined by TAPPI method T227 om-99. 13) Drainage time was determined by TAPPI method T221 om-99. 14) Laboratory handsheets were prepared by TAPPI method T205 sp-02. 15) The physical properties of the handsheets were analyzed by standard procedures to measure tensile strength (ISO 1924-2), 16) ring crush (ISO 12192), 17) and burst strength (ISO 2758). 18) Fiber length distribution was determined with a Hi-Resolution Fiber Quality Analyzer (model LDA 2002 Optest Equipment, CA) following Agnihotri et al., 2010. 19) Data at 350 CSF were obtained from interpolation of the data from sample analysis before refining and after refining at beating revolutions of 1,500 and 4,000 rev. Analysis of pulp properties was performed in duplicate at a confidence level of 95%, and the standard deviation was less than 5%. 
Results and Discussion
Optimization of cellulase and xylanase co-production in submerged fermentation
Production of the multi-carbohydrase enzyme was initially studied in basic polysaccharide degrading enzyme production medium, followed by two rounds of optimization process. The conditions were evaluated based on the levels of three major pulp modifying enzymes, viz., endo-/exo-glucanases and xylanase. The target enzyme activities obtained in various media under conditions are summarized in Table 2 . Enzyme production was initially examined in basic wheat bran-soybean (WS) medium 20) and modified SP containing supplemented agro-industrial residues. High target enzyme activities for Mamillisphaeria sp. were obtained when the fungus was cultured in modified SP supplemented with wheat bran, resulting in 3.3, 4.2, and 121.1 IU/mL for CMCase, FPase, and xylanase respectively. Agroindustrial by-products such as wheat bran, rice bran, and soybean meal are inexpensive sources of carbon (starch and lignocelluloses), nitrogen, and minerals, commonly used in the optimization of polysaccharide-degrading enzyme production from fungi by the experimental design approach. 21, 22) The use of local by-products as substrates for fermentation should allow further development of a cost-efficient fermentation process for enzyme production on a large-scale.
Based on the media components from the preliminary trials, two rounds of optimization were done. This included analysis of the dominant factors affecting target enzyme production by FFD, followed by determination of the effects of dominant factors and their interactions on target enzyme activities by CCD in order to fine tune the optimal production conditions (data are shown in detail only for the final CCD optimization). One-factor component analysis by FFD that wheat bran, soybean, and time were the dominant factors in target enzyme production, while rice bran, yeast extract, and pH had less effect on activities. The maximum production levels for CMCase, FPase, and xylanase after FFD optimization were 5.6, 15.3, and 165.9 IU/mL respectively ( Table 2 ). The marked increase in FPase activity suggests an increase in the exo-glucanase activity relative to the total cellulase activity in FFD optimization. Regression analysis FFD indicated that the midlevel concentrations of rice bran (10 g/L) and yeast extract (1 g/L) should be kept as medium components, whereas peptone can be omitted in CCD optimization. The results illustrated that the optimal concentrations for wheat bran, soybean, and harvest time can be predicted beyond the range of conditions tested. These dominant factors were then selected for CCD optimization.
Subsequently, optimization was done with the 3-factor CCD to determine the optimum levels of the selected dominant factors. Soybean (A) and wheat bran (B) were the most influential factors in target enzyme activities according to the Pareto chart (Fig. 1) . A significant improvement in enzyme production was observed after adjusting all medium components according to the CCD conditions (Table 3) . A ANOVA analysis of the fitted quadratic model is shown in Table 4 . According to the regression analysis, xylanase production was significantly influenced by all three parameters, soybean, wheat bran, and time, in linear terms (A, B, and C), square terms of soybean (A 2 ), and the interaction between soybean and time (AC) (p < 0:05). The high R 2 (93.03%) along with the high F-value (14.84) and an insignificant lack of fit indicated that the model is significant. CMCase production was substantially affected by the soybean and wheat-bran concentrations (A and B) in linear terms (p < 0:05). The observed R 2 (84.73%) values and significant regression coefficient indicated the fitness of the model for cellulase production. The overall second-order polynomial models for CMCase and xylanase activities in terms of coded factors are shown in eqs. 
Xylanase (IU/mL) ¼ 192:10 þ 11:67A þ 19:67B þ 25:53C À 6:77AB þ 9:62AC þ 4:55BC WB, wheat bran; SB, soybean; RB, rice bran; CP, cassava pulp; YE, yeast extract; P, peptone Modified SP, 10 g/L SB; 10 g/L RB; 2 g/L YE; 2 g/L P; pH 6.0; supplemented with the indicated component where A, B, and C represent soybean (g/L), wheat bran (g/L), and time (d) respectively. Accordingly, three-dimensional response surface graphs were plotted based on the model equations to evaluate any interaction among the variables and to determine the optimal concentrations for maximum levels of enzyme production (Fig. 2) . The surface plots showed that the CMCase and xylanase activities increased with increasing concentrations of wheat bran and soybean at a fixed incubation time. The wheat bran concentration also showed more influence on xylanase production than that of soybean. The conditions developed for optimal enzyme production from CCD were 70 g/L of wheat bran, 30 g/L of soybean, 10 g/L of rice bran, 1 g/L of yeast extract, pH 6.0, and harvest time at 7 d. Under these conditions, 9.2 IU/mL of endo-glucanase expressed as CMCase, with strong FPase at 14.9 IU/mL, and 242.7 IU/mL of xylanase was obtained (Table 3 , condition 8). The increases in enzyme yields under the optimal conditions were greater than the basic WS medium by 2.79, 4.80, and 2.35 fold for CMCase, FPase, and xylanase respectively.
Conditions of CCD optimization, including media and operational parameters, were applied to the production of cellulase and xylanase in a laboratory-scale bioreactor. The production levels of CMCase and xylanase obtained were 12.3 and 247.0 IU/mL respectively, comparable to the activities obtained in shake-flask cultures, but FPase activity in the bioreactor was at 6.0 IU/mL, lower than that in shake-flask cultures. This might have been due to changes in correlate morphology and operational parameters such as quality of mixing, oxygen transfer rate, volumetric oxygen, and heat transfer coefficients during up-scaled fermentation in the bioreactor. The production levels of cellulase and xylanase from Mamillisphaeria sp. BCC8893 were at least comparable to or substantially higher than those obtained from several fungal strains of well-known industrial enzyme-producing genera, including Chaetomium, Trichoderma, and Penicillium (CMCase 0.08-21 IU/mL, xylanase 0.7-130 IU/mL). [23] [24] [25] [26] [27] [28] The cellulases and xylanases in the crude enzyme worked optimally in a temperature range of 40-60 C under slightly acidic conditions and highest activity was obtained at 50 C at pH 5.5 (data not shown). The crude enzyme was concentrated by ultrafiltration and used without further processing in subsequent experiments on pulp fiber modification.
Effects of enzymatic treatment on refining
A crude-fiber modifying enzyme preparation was used to treat the recycled pulp fiber prior to the refining process to evaluate its effects on energy reduction and pulp physical properties. Enzymatic treatment on OCC pulp using enzyme dosages of 0.2 and 0.3 IU (cellulase as CMCase)/g of dried pulp reduced the beating revolutions from 1,752 PFI revolutions (control) to 1,603 PFI revolutions (À8.5%) and 1,492 PFI revolutions (À14.8%) respectively at a freeness of 350 CSF (Table 5 ). This indicate improvement in pulp beatability after enzymatic treatment, which led to a significant reduction in the energy required for the refining process to achieve the target freeness of the pulp. Pulp mechanical evaluation revealed a minimal change in the tensile index (Table 5) . Increasing the enzyme dosage led to decreases in the compression strength index as determined by the ring crust test (RCT) and the burst index, particularly at 0.3 IU/g, due to excessive degradation of the cellulosic fiber, but the changes in these physical parameters were in the acceptable range for further processing (<10%). No remarkable change on fiber length was found at either enzyme dosage (Table 5) . No significant reduction in drainage time was observed under our experimental conditions, which is correlated with a slight change in the fines content in the enzyme-treated pulp samples. Scanning electron microscopy indicated a qualitative change in the outermost fiber surface of the enzymatically treated pulp as compared with the control pulp, but the electron micrographs did not reveal any discernible alterations in the fiber surface (cleavages or pit enlargements) other than a partial degradation of the surface material (data not shown).
The efficiency of enzyme treatment as to energy reduction in the refining process depends largely on the pulp sources and processing conditions. The results for treatment of recycled pulp with our crude fungal enzyme are similar to many previous reports, where enzymatic pulp modification by various cellulases and xylanases led to 6-45% reductions of refining energy with different types of pulps, including virgin kraft pulp and recycled pulp. Analyses of pulp properties were done in duplicate at a confidence level of 95% at SD < 5%. 1 The data at 350CSF were obtained from interpolation of data from sample analysis before and after refining at 1,500 and 4,000 PFI revolutions. were also reported. This can result in changes in pulp properties, 30) but the slight alterations in major physical parameters observed in our study are within an acceptable range for further processing of pulp under standard industrial conditions. The results indicated that the complex pulp fiber modifying enzymes produced by Mamillisphaeria sp. is of significant advantage for the pulp industry.
Proteomic analysis of crude enzyme
The multi-carbohydrase enzyme was analyzed by LC/MS/MS in order to characterize the composite enzyme components in the crude preparation. Proteomic analysis of the crude enzyme preparation from BCC8893 showed a complex composite enzyme system consisting of various cellulolytic and hemicellulolytic enzymes belonging to various glycosyl hydrolase (GH) families with different specificities (Table 6 ). The enzyme profile from proteomic analysis corresponded well to the activity profile of the crude enzyme. Of particular interest for pulp refining, endo-glucanases (GH45 and 61), exo-glucanases (cellobiohydrolases) (GH6, 7), -glucanases (GH16, 55), and endo-xylanases (GH10), previously reported to show refining effects, were annotated based on tryptic peptide analysis, together with several other hemicellulolytic enzymes, especially arabinan-degrading ones. The majority of the enzymes identified are closely related to cellulases and hemicellulases from a Basidiomycote Schizophyllum commune based on amino acid sequence homology. According to previous reports on pulp refining, endoglucanases play a key role in pulp modification by partially hydrolyzing pulp fibril by attacking fibril structures randomly. 31) Endoglucanases EGI and EGII from T. reesei, classified in GH45, have been reported for their effects to pulp refining. 8) Cellobiohydrolases are of relevance for pulp refining, as they act synergistically with endo-glucanases by degrading the surfaces of crystalline cellulose in the fibers, 32) in addition to a brushing effect on long fibers. 9) Xylanase treatment also led to reductions in refining energy. 33) This might have be resulted from the degradation of xylan on the fiber surface and the increased porosity of the fiber structure, which can be make for easy beating or refining of the pulp. -glucanases from Aspergillus aculeatus also improved pulp drainability and fiber dehydratation, although to a lesser extent than cellulases. 34) The reduction in refining energy in this study was most likely due to partial depolymerization of cellulose chains on the fiber surface and modification of pulp fiber properties by the cooperative action of composite cellulases and hemicellulases in the crude enzyme. These enzymatic modifications weaken external microfibers and allow the fiber to be refined at lower energy or to be more easily defibrillated during the refining process.
2) The cooperative action of cellulases and hemicellulases has been found to increase their effect in improving pulp drainability.
33) The synergistic and cooperative action of various cellulolytic and hemicellulolytic enzymes thus provides a basis for the modification of pulp fibers by the crude multi-carbohydrase mixture in our study. This warrants further detailed study of the synergistic action of these composite fiber modifying enzymes and their cooperative mechanical effects on pulp fibers in refining.
Conclusions
This study illustrates the potential of a native fungal enzyme, comprising multi-fiber modifying activities, for application in the process of refining recycled pulp. The use of crude enzymes from fermentation with local inexpensive agro-industrial substrate should provide a basis for cost-efficient enzyme production. Enzymatic pulp modification by the cooperative action of composite fiber modifying activities led to substantial a reduction in refining energy, achieving a certain refining degree with no undesirable change in the pulp mechanical properties in further processing steps. The results obtained in this study are perhaps of industrial significance, and promise on-site enzyme production for the development of an energy-efficient pulp industry. 
